A quantum non-Gaussian Fock state from a semiconductor quantum dot 
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Quantum dots are single photon emitters pQ. 
A single photon state is quantum mechanically 
represented by the Fock state, |1), which is a 
quantum non-Gaussian state characterized by a 
Wigner function negative at the origin |2j. Due 
to the low collection and detection efficiencies, the 
reconstruction of the Wigner function from mea- 
surements of the quantum dot emission would not 
confirm the non-Gaussian nature of the emitted 
light since the negativity of the Wigner function 
is lost for detection efficiencies below 50%. Semi- 
conductor photon sources like quantum dots are 
commonly characterized as single photon sources 
through an auto-correlation measurement |3j. In 
this work instead, we use a criterion [4j based 
on an estimate of the photon-number distribu- 
tion. Through our measurements we prove that 
the state emitted from a resonantly excited quan- 
tum dot is unambiguously a non-Gaussian state. 

The quantum nature of a single photon is both a fun- 
damental witness of the quantum character of the light 
generating process, as well as an important operational 
resource for quantum information science [5] . Single pho- 
tons produced by matter are an evidence of quantum 
jumps; only a discrete level structure can produce such 
highly non-classical states of light. Traditionally, the 
boundary between classical and quantum states of light 
is formed by mixtures of coherent states. Coherent states 
of light are most similar to classical waves and they can 
be produced, in principle, by a classical continuous driv- 
ing of the quantum oscillator through a linear interaction 
[5J. Such generation processes are governed by a quan- 
tum interaction Hamiltonian being linear in the annihila- 
tion and creation operators. To recognize that the light 
comes from a source incompatible with only linear in- 
teractions, one can perform the photon auto-correlation 
experiment [5], which uses the indivisibility of a single 
photon. This method is accepted as a common way to 
test a light source for non-classicality [7] . 

A more demanding level of witnessing the quantum 
character of light is represented by all possible linear 
and quadratic Hamiltonian operators. The processes 
described by these operators can produce any mixture 
of Gaussian states of light including, for example, the 
squeezed states of light [8HT0]. A mixture of Gaussian 
states of a single mode of light can be described as a 



density matrix p — J P(\)\X)(X\d\, where |A) is a pure 
Gaussian state of light parametrized by the multi-index A 
of its complex amplitude a, squeezing, and phase between 
the amplitude and direction of squeezing llj. P(X) is a 
distribution function. For the auto-correlation test, |A) 
can be reduced to the coherent state and P{a) is then 
the traditional Glauber-Sudarshan quasi-distribution [BJ . 
Although the auto-correlation is a valid test of the non- 
classicality of the emitted state, it is not sufficient to 
prove its non-Gaussian nature since an arbitrarily small 
value of the second-order correlation function can also be 
achieved by Gaussian states [12] • Consequently, it is im- 
portant to exclude the possibility that a photon source 
is governed only by quantum processes up to quadratic 
order and classical non-linear mechanisms that can mix 
Gaussian states of light. 

Recently, a novel unconditional criterion of quantum 
non-Gaussianity suitable for single photon sources has 
been proposed [4] and successful proof-of-principle tests 
have been performed on a parametric down-conversion 
source with conditional single photon state preparation 
[T3J [H]. This criterion can detect the non-Gaussianity 
of sources exhibiting very low collection and detection 
efficiency without any corrections. Therefore, this cri- 
terion is very suitable for the detection of a single pho- 
ton nature of a solid-state quantum emitter. Both single 
photon and homodyne detectors are capable of meeting 
this criterion. The criterion remains valid for multimode 
states; moreover, it is extremely more sensitive to a mul- 
timode generation process than the auto-correlation test 
[3]. In comparison to the auto-correlation test, this crite- 
rion gives a more complete description of the statistics of 
light. It uses a lower bound of the estimated probability 
Pi of successful single photon generation for fixed proba- 
bility P2+ of error representing the generation of two or 
more photons. The theory of the criterion is detailed in 
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Here, we present measurements performed to test the 
non-Gaussian nature of the emission of a quantum dot. 
To drive our quantum dot system we used two types of 
excitation: above-band and resonant. In above-band ex- 
citation the energy of the excitation laser is much larger 
than the quantum dot emission energy. It produces car- 
riers in the surrounding material that can be randomly 
trapped in the quantum dot potential. Secondly, we per- 
formed resonant excitation |15j by two-photon excitation 
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of the biexciton state. Here, we exploited the biexciton 
binding energy [15l [16] in order to use an excitation laser 
not resonant with any single photon transition. With this 
laser we drove the two-photon resonance via a virtual 
level placed energy-wise half way between the exciton 
and biexciton photon energies. The scheme of the energy 
levels and the photo-luminescence (PL) of the quantum 
dot under resonant excitation are shown in Fig. [I] and 
the experimental set-up is shown in Fig. [2] The reso- 
nant excitation scheme gives an excellent suppression of 
multi-photon events, as evident in Fig. [3^. 

To estimate the photon statistics, we firstly derive the 
number of single counts, two-fold, and three-fold coinci- 
dences from the measured data, which includes the ar- 
rival times of all the recorded photon detection events. 
Here, single counts are detections of a biexciton photon 
(trigger event). A two- fold coincidence is the detection 
of a biexciton photon followed by a detection of an ex- 
citon photon in one of the arms of the beamsplitter. A 
three-fold coincidence stands for a detection event on all 
three detectors. The coincidence window was varied as 
detailed below. 

As described in |13j we used the number of single 
counts, two-fold, and three-fold coincidences to esti- 
mate the contribution of vacuum pg, single photon pi, 
and multi-photon terms P2+ (see supplementary infor- 
mation), which form the emitted (exciton) signal. From 
these quantities (probabilities) we calculated the non- 
Gaussianity witness, AW, using the method described in 
[H [T3] and supplementary information. The results are 
shown in Fig. and Tables [I] and [H] The values of the 
witness AW > indicate that the measured state is non- 
Gaussian. Due to the very low collection efficiency ( w 
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FIG. 1: a) Excitation level scheme. Resonant excitation co- 
herently drives the two-photon transition between the ground 
\g) and the biexciton \b) state via a virtual level shown in 
dashed gray line. The system decays as a cascade via the 
exciton \x) state. Of the two possible decay paths we use 
only the shown vertical polarization. Above-band excitation 
excites the carriers in the surrounding material, b) We ex- 
ploit the biexciton binding energy to resonantly excite the 
quantum dot. The laser wavelength is two-photon resonant 
with the biexciton energy, and therefore placed in the middle 
between the exciton and biexciton line. 



0.27%) the vacuum term p$ prevails. The statistical un- 
certainties for po, pi, and P2+ were determined from the 
Poissonian statistics of the recorded events. In Fig. [3)3, 
the states of light in the white area are non-Gaussian and 
produced by a source incompatible with only quadratic 
non-linear processes. For the resonantly excited quan- 
tum dot our results unambiguously prove that the state 
cannot be expressed as a mixture of Gaussian states, be- 
cause the witness, AW is positive for any coincidence 
window that is smaller than the repetition rate of the 
laser pulses. For a coincidence window of 5.12 ns the 
measured state exceeds the Gaussian boundary by one 
standard deviation (green circle in Fig. J3Jd) . Extending 
the coincidence window to 12.29 ns, which includes the 
beginning of the consecutive pulse, we find the measured 
state at the boundary of the Gaussian states. Further 
extension of the coincidence window places the state in 
the region where we cannot distinguish it from a coherent 
mixture of Gaussian states (yellow circles). The results 
obtained in above-band excitation show a tendency of 
approaching the boundary but cannot exceed it due to 
limitations of the measurement system, as detailed be- 
low. 

Due to the low collection and detection efficiencies the 
measurement time had to be considerably long to reach 
the presented statistical confidence, which led to signifi- 
cant noise in the detected signal. For example, in contin- 
uous wave measurements, given the detector dark count 
rates, the measurement duration, and the single count 
detection rates we had a noise floor of 0.41 three-fold 
coincidences for a coincidence window of 1.54 ns. This 
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FIG. 2: Experimental set-up. Light derived from a tunable 
laser is spectrally filtered in a pulse-stretcher and directed via 
a single mode fibre onto the quantum dot sample. The polar- 
ization of the excitation light is chosen to be horizontal. The 
emission is collected from the top using a high NA objective. 
Emission is firstly spectrally resolved on a diffraction grating 
and the lines of interest (exciton and biexcion) are separated 
and coupled into optical fibres. A fibre beamsplitter divides 
the exciton light onto two detectors for state verification. The 
biexciton detections are used as a trigger event. 
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TABLE I: Above-band excitation estimated probabilities po, 
pi, P2+ and the corresponding witness AW are shown for 
several different coincidence window widths w. 



produced light. 



w [ns] 


Po 


pi [xlO" 3 ] 


P2 + [xKT 8 ] AW 


[xHT 8 ] 


1.536 


0.997553(6) 


2.446(6) 


6.92 ±4.89 


-5.9 


2.048 


0.997140(7) 


2.859(7) 


38.46 ± 11.59 


-37 


2.56 


0.996885(7) 


3.114(7) 


80.55 ± 16.78 


-79 


3.072 


0.996660(7) 


3.339(7) 


119.2 ±20.4 


-117 


3.84 


0.996319(8) 


3.678(8) 


231.4 ±28.5 


-228 



TABLE II: Resonant pulsed excitation allows us to distin- 
guish our state from a mixture of Gaussian states, which is 
witnessed by AW > 0. 



w [ns] 


Po 


Pi[xl(T 3 ] 


P2+[xl0- 8 ] 


AW[xl0- 8 ] 


5.12 


0.997287(3) 


2.712(3) 


0.66 ± 0.66 


0.67 


12.29 


0.997284(3) 


2.715(3) 


1.32 ±0.93 


0.012 


12.54 


0.997279(3) 


2.721(3) 


2.64 ± 1.32 


-1.30 



noise floor does not allow the detection of non-Gaussian 
states of light in the given measurement. The measure- 
ment limit of the above-band excitation measurement, 
which is induced by the dark counts, is depicted as or- 
ange dot-dashed line in the figure Fig. [3]d. The analysed 
results obtained under continuous wave excitation were 
calculated for coincidence windows longer than the life- 
time of the exciton state (0.71 ns) where the system can 
be re-excited. For shorter coincidence windows we do 
not observe any three-fold coincidences. However, with- 
out detecting any three-fold coincidences we cannot build 
a statistical confidence. 

For resonant excitation we estimate the noise floor to 
be 0.0024 three-fold coincidences due to two reasons: dif- 
ferent detectors with lower dark count rate of about 100 
counts per second and the different nature of the excita- 
tion. Resonant excitation produces predominantly cas- 
caded emissions therefore the heralding efficiency is, even 
for much lower exciton detection rates, comparable with 
above-band excitation. 

In conclusion, we have demonstrated the non-Gaussian 
nature of the emission of a single quantum dot un- 
der resonant excitation. With this we have detected a 
higher order non-classicality than usually detected by 
auto-correlation measurements. Therefore, we gain an 
intrinsically higher sensitivity to possible contribution 
from other emitters [J]. Compared with above-band ex- 
citation, driving of the quantum dot resonantly showed 
exceptionally pure quantum states of light. To our knowl- 
edge, this measurement is the first demonstration of the 
non-Gaussian nature of photons produced by a semicon- 
ductor device. With increased detection efficiencies avail- 
able in different device geometries [IB] the criterion we 
used becomes an important measure of the quality of the 
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FIG. 3: a) The auto-correlation of the exciton signal shows 
excellent suppression of multi-photon events which can be 
quantitatively expressed in g (2) (0)=0. 0073(8). The plotted 
data was acquired without the triggering on biexciton pho- 
ton and is presented without background subtraction. The 
decaying peak height observable on both sides of the graph 
results from the blinking of the quantum dot [17]. b) The 
multiphoton contribution p2+ is plotted as a function of the 
single photon contribution, p\. Here, Q is the set of all mix- 
tures of Gaussian states, and the lower, white region indicates 
non-Gaussian states. The circles stand for results obtained 
in resonant and pulsed excitation while triangles for above- 
band and continuous wave excitation. The error bars repre- 
sent standard deviations, the horizontal error bars of pi are 
smaller than the size of the symbols. The solid blue curve 
represents the boundary given by Eq. 5 of the supplementary 
information. The orange dot-dashed line marks the limit of 
the detection system in continuous excitation. 
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It is shown in [T3] that the probability of no event po can 
be expressed as 



Methods 

The sample contained a low density self-assembled 
InAs quantum dots embedded in planar a micro-cavity. 
It was placed in a continuous-flow cryostat and held at 
a temperature of 5K. The excitation light was derived 
from a 76 MHz tunable Ti:Sapphire laser. When the 
selected quantum dot was excited resonantly we used 
a pulse stretcher with spectral filtering to optimize the 
spectral width of the pulses. In continuous wave excita- 
tion this step was not necessary. The light was directed 
onto a dot from the side, where we used the lateral wave- 
guiding mode of a planar micro-cavity. The emission 
was collected from top and sent into a home-made grat- 
ing spectrometer. The exciton and biexciton photons 
were separated by the grating and sent into optical fi- 
bres. For continuous wave measurements we used a single 
mode fibre for the biexciton line and, in order to increase 
the detection efficiency, a multi-mode fibre beamsplitter 
for the exciton line. Under resonant excitation it was 
not possible to use multi-mode fibres due to the spectral 
proximity of the scattered laser. Measurements were per- 
formed using three single photon detectors, two detecting 
the exciton photons and one detecting biexciton photons. 
Photon detection events were recorded by a multichannel 
event timer. 

We made two series of measurements with different 
experimental parameters. The measurements of the first 
type were continual and performed using continuous wave 
above-band excitation. The overall measurement time 
was close to eight hours and the average count rates in 
the heralding (biexciton) channel So and the signal (ex- 
citon) channels Sia and Sib were {5.4, 358, and 196} 
kcounts per second, respectively. The beamsplitter ratio 
for these measurements was T mm =0.64(l). The estimate 
of the beamsplitter ratio [13] was taken into account in 
the data processing. The detector dark count rate was 
500 counts per second. The second type of measurement 
was one continuous measurement where the dot was ex- 
cited pulsed and resonantly. Here the measured rates 
were { S , Sia and Sib } = {23, 10, and 9} kcounts per 
second with the respective estimate of the beamsplitter 
ratio of T sm =0.54(l). The measurement time was four 
hours. 



Supplementary material 

Here, Ro is the total number of counts ("singles") in 
the biexciton signal for the given measurement time. The 
two-fold coincidences R\a and Rib as well as the three- 
fold coincidences i?2 were analysed from measurements. 



Po = 1 - 



R\a + Rib + R2 

Rn 



(1) 



The lower bound estimator of the single photon con- 
tribution is given by 



Pi 



R 1A + Rib T 2 + (1 - T) 2 R 2 



2T(1-T) R ' 



(2) 



where T is the splitting ratio of the beamsplitter used 
in the measurements. The contribution p 2 + of the multi- 
photon terms can be estimated as 



P2+ = 1 - Po ~ Pi- 



(3) 



The criterion introduced in |T3] defines a witness, AW 
that the given state is not a mixture of Gaussian states 
P ^ G, where Q is the set of all mixtures of Gaussian 
states. The non-Gaussianity witness is calculated [13] as 



W(a) = ap + pi 



(4) 



where the probabilities po and p\ are obtained experi- 
mentally. If W(a) > Wa(a) then p £ Q, where Wg{o) 
is a tangent on the boundary between physical states 
which can be described as a mixture of Gaussian states 
and those that cannot. This bound was given in [T3] as 



Po 



-d 2 [l-tanh(r)] 

cosh(r) 



Pi 



J2 e -d 2 [l-tanh(r)] 

cosh 3 (r) 



, (5) 



where r is the squeezing constant and d is the displace- 
ment. The witness, AW is expressed as the distance be- 
tween W(a) and Wg{o)- 
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